A factorial design statistical analysis has been conducted in order to obtain the optimum conditions in the solid state sintering process of barium zirconate bulk materials, optimum with respect to density, closed and open porosities. The optimized heat treatment permits to sinter a 99% dense barium zirconate sample at 1650
Introduction
Barium zirconate (BaZrO 3 ) is a well-known ceramics used in many electronic and refractory applications. BaZrO 3 is characterized by a very high structural and thermal congruent melting point (≈2600/2700 • C), 1,2 a cubic perovskite structure with a lattice constant of 0.4193 nm [JCPDS 6-0399], a small thermal expansion coefficient, a poor thermal conductivity and an excellent mechanical and structural integrity under extreme thermal conditions. 3 Moreover, it has a very high stability under heating.
These physical properties make BaZrO 3 an ideal candidate for applications as crucibles when conducting reactions in presence of corrosive oxide melts, substrates for thin films deposition, and for thermal barrier coatings in aerospace industries. 4 Barium zirconate is also known to be used as a functional ceramic with particular electrical properties. In suit-able doped forms, alkaline-earth zirconate with perovskite structure become ionic and/or electronic conductors. [5] [6] [7] In addition, barium zirconate is a potential material as humidity sensor. 8 Zirconate compounds with high melting points, like BaZrO 3 , are also present in fission products in nuclear industry. The knowledge of the behaviour of fission products and the properties of their compounds is very important for the safety and improvement of nuclear fuels. Some articles thus relate to the thermophysical properties of barium zirconate and other perovskite oxides like BaCeO 3 or BaUO 3 . 2 Note also that barium zirconate was reported to be a potential candidate material for interface engineering of alumina fibre/alumina matrix composites. 9 Last but not least, BaZrO 3 can also play a significant role in the superconductivity research field. Since the discovery of high-T c superconductivity in REBa 2 Cu 3 O 7 (RE: rare earth), much research is aimed at the synthesis of single crystals. At the beginning, the crystal growth of REBa 2 Cu 3 O 7 was achieved in Al 2 O 3 , SnO 2 , Au, Pt, ThO 2 , Y 2 O 3 , MgO or ZrO 2 crucibles. 1, 10 Unfortunately, the crystal quality was 1, 12, 13 Some researchers are thus exploring the way of producing a commercial YSZ crucible covered by a protective BaZrO 3 layer. The main disadvantage of the BaZrO 3 ceramics stems in the high heating and long soak time necessary during sintering to achieve full density. 12, 13 Moreover, BaZrO 3 is more expensive than YSZ. Whence, it seems that the use of a BaZrO 3 coating should be interesting for industrial manufacturing of non-corrosive crucibles.
The principal difficulty remains to producing a barium zirconate layer without any crack formation during processing. 14 [15] [16] [17] [18] Up to now, only a few publications are available on the BaZrO 3 sintering process and control: Erb et al. suggested a heat treatment at 1700 • C during 48 h and obtained samples with 98.5% of the theoretical density. 1 Azad and Subramaniam 5 used a shorter heat treatment (dwell at 1600 • C during 6 h followed by heating at 1700 • C), but obtained materials with only 89% of the theoretical density. Moreover, they use sintering aids like Al 2 O 3 , MgO or Y 2 O 3 ; these oxides contaminate the superconducting melt, and result in a higher viscosity which is not suitable for producing large single crystals.
Sin et al. reported a value of 95% of the theoretical density by using a heat treatment at 1500 • C during 10 h from a powder that was initially synthesized by the polyacrylamide method. 19 Dierickx et al. sintered a commercial powder at 1600 • C during 4 h and have measured a density around 97% of the theoretical density. 20 In these reports, no explanation is given concerning the choice of the experimental parameters.
In this report, the sintering of BaZrO 3 dense material has been studied following a statistical analysis method. An orthogonal fractional factorial experimental design has been used to search for optimum, with respect to density, open and closed porosities, experimental parameters and to model the barium zirconate sintering process. There are in fact numerous advantages associated with the design of experiment through factorial design. 21 Factorial design allows estimating the effects of one parameter over a wide range of the other parameters, thus yielding conditions that are valid over a wide range of experimental situations. 22 In this study, four sintering parameters were analysed simultaneously: [(i) the isotherm temperature; (ii) the heating rate; (iii) the heating time at isotherm temperature and (iv) the powder size (percentile d 50% )]. Three responses have been measured: [(i) the density; (ii) the open porosity and (iii) the closed porosity] ( Table 1 ). The main effects of each parameter, and the effects of interaction between parameters, were determined using the analysis of variance technique (ANOVA technique).
The selected design of experiments is thus composed of a "fractional factorial design" with star points located at the centre of faces of a cube (Fig. 1) . This design allows the estimation of a quadratic model which is appropriate to model and optimize the sintering process. This fractional factorial design is unit variant and corresponds to a balanced and orthogonal arrangement of experiments. In others words, parameters are centred and scaled using the midrange, low and high values from the parameter definition (Table 1 ). This arrangement enables the effect of one parameter to be assessed independently of all the others. A more detailed treatment of factorial design can be found in specific literatures. 21, 23 In the retained fractional factorial design, the number of design runs is 25 and two repetitions of the central point were done to estimate the experimental variance. A multiple linear regression (MLR) 24 was used to model responses. The results and fitting parameters are presented in the discussion part.
Based on this method, reliable results have been obtained. Thanks to the optimized heating treatment, barium zirconate samples with 99% of its theoretical density have been synthesized from commercial powder. Moreover, with the use of a statistical analysis method, we have put into evidence the influential sintering parameters. In so doing, it is possible to sinter dense samples or controlled porous samples according to the envisaged application. 
Experimental procedure
The BaZrO 3 (99% purity) powder was bought from AlfaAesar in June 2003. The powder purity was systematically checked by X-ray diffraction (XRD) analysis using monochromatic Cu K␣ radiation (λ = 1.5406Å), carried out on a X-ray diffractometer Siemens D5000.
Milling steps
Notice that, according to the design experiment worksheet presented in Table 2 , we have to consider three different particle sizes. One thousand and six hundred nanometers is the mean size (d 50% ) of particles in the commercial powder. Granular size distributions were systematically checked by laser scattering measurements (wet measurements-Malvern Mastersizer granulometer) and are presented in Fig. 2 . Mechanical grinding was carried out with a planetary grinder (Retsch PM 400\2) using tungsten carbide jar and alumina or zirconia's balls (diameter 10 and 3 mm, respectively). The powders were milled under the following conditions: wet milling, powder/balls/solvent weight under 1:2:1 proportions, respectively, a few dispersant drops-PMAA-NH 4 known as Darvan C. 25 The rotation speed of the jars was fixed at 200 rpm. Statistical analysis of the sintering process was conducted with a BaZrO 3 powder milled in water.
In a first set of experiment, we mill the powder with alumina balls. The particle size was reduced at approximately 40% of its initial size. After sintering (1650 • C/12 h), we observed that the relative density was reduced for the milled powder: only 83% of relative density compared to 93% for the un-milled powder. X-ray diffraction analyses performed on the sintered products after milling reveal the presence of a secondary phase identified as barium aluminium oxide-BaAl 2 O 4 , as shown in Fig. 3 . In this figure, the up- Fig. 3 . Comparative X-rays diffractograms of samples which are sintered following the same heating conditions. Only the milling time was different (respectively, 0, 1 and 2 h for the upper, middle and lower diffractograms). A chemical reaction between BaZrO 3 and Al 2 O 3 was thus identified, as was previously reported. 26 A noticeable density decrease occurs when the barium aluminium oxide phase is present in the samples. This is understood taking into account the fact that BaAl 2 O 4 theoretical density is only 4.08 g/cm 3 [JCPDS 82-2001] while BaZrO 3 density is 6.24 g/cm 3 [JCPDS 6-0399]. Energy dispersive X-ray (EDX) analysis performed on the same sample reveals the presence of BaAl 2 O 4 phase (darker region), as shown in Fig. 4 .
Afterwards, powders were milled with ZrO 2 balls (MgO stabilized). No trace of contamination was reported from EDX analyses. ZrO 2 balls have thus to be preferred in order to mill powders used for the statistical analysis study of the sintering process. Six hundred nanometers (d 50% ) is the size limit obtained by milling, with a quasi monomodal distribution. Upon attempting to reduce the particle size less than 600 nm (d 50% ), a bimodal distribution appears. Even if a bimodal distribution would be beneficial to improve compaction, 27, 28 it is possible to observe grain segregation during the compaction step and of course a possible differential sintering mechanism accompanied by cracks' formation. 29, 30 Consequently the third particle size selected has to be around 1100 nm (d 50% ). Granular size distributions for the three selected particle sizes are presented in Fig. 2 for completeness.
Sintering steps
The powders were isostatically pressed at 2250 bars (without any binder) into 10 mm diameter discs. The green pellets densities were calculated from the weight and dimensions of the samples. The relative green densities were approximately equal to 55% of the theoretical density of BaZrO 3 .
The samples were then sintered in air, according to the experiment worksheet described in the following.
Final densities, open and closed porosities were measured using the Archimede's method with 1-butanol as solvent. The sintered samples microstructures were observed by scanning electron microscopy (Philips ESEM XL30).
Experimental results and discussion
Based on the above fractional factorial design (Fig. 1) , 27 experiments were conducted (N = 27). The resulting data are presented in Table 2 .
Data have been fitted by using a multiple linear regression model 24 (MLR-Eq. (1)) with MODDE 6.0 software from UMETRICS AB.
MLR is based on finding the regression model which minimizes the residual sum of squares of the response variables.
Some steps are important for validating the multiple linear regression fitting:
(1) The first of them is the analysis of variance (ANOVA). 31 ANOVA is used to check regression model significance test and lack of fit test. In which case, ANOVA partitions the total variation (SS-sum of squares) of a selected response into a part due to the regression model and a part due to the residuals. At times, when replicated experiments are available, ANOVA also decomposes the residual variation into one part related to the model error and another part linked to the replicate error. Subsequently, the numerical sizes of these variance estimates are formally compared by means of F-tests.
-ANOVA: regression model significance test; first decomposition.
With least squares analysis, a mathematical model is created. It is possible to formulate a formal test to check if the model is good or not. In ANOVA, the first decomposition is SS total = SS regression + SS residual where the first member is the total variation in the response, corrected for the average. The amount of variation that we can model is given by the first term of second member and the amount of variation that we cannot model is given by the second term of the second member.
Usually, a model is considered as good if SS regression is high and if the unmodellable variation, SS residual , is low. Mean squares (variance) are obtained by dividing the respective SS with the corresponding degrees of freedom (d.f.). The sizes of these two variances are compared by an F-test. This is accomplished by forming the ratio MS regression /MS residual and then retrieving the probability p that these two variances originate from the same distribution. It is common practise to set p = 0.05 as the critical limit. On the sole condition that p < 0.05, the variance explained by the retained model (MS regression ) is significantly larger than the unexplained variance (MS residual ).
So, the first test assesses the significance of the regression model. All factors in the retained model are also characterized by a p-value. In this case, p-value is the probability to get the displayed value for the coefficient if its true value is zero. In others words, the 'null hypothesis' (H 0 hypothesis) is tested for each MLR equation factors (parameters and their interactions). For a determined factor, if H 0 hypothesis is verified, this factor is said to be not influent (β = 0, Table 3 ). In practice, a confidence level of 95% is considered, i.e. the alpha-level is set at 5%. The alpha level corresponds to the risk to reject H 0 hypothesis when this hypothesis is verified. The test of H 0 hypothesis is thus rejected and the factor is considered as influent when p < 0.05. From p-values reported for each MLR equation factors, parameters and interactions are considered to be influent or not. Moreover, for one given parameter, the smallest the p-value is, more influent is this parameter onto the model. The scaled and centred coefficients of model fitted are resumed in Table 3 . This table shows that some parameters and/or interaction The second test consists in comparing the model error and the replicate error. Actually, a second decomposition of sums of squares may be made: SS residual = SS model error + SS replicate error . The unmodellable variation (SS residual ) has two components, one arising from the fact that the model is imperfect, the model error, and one arising from the fact that there is always variation when doing replicated experiments, the replicate error (experimental variance). In the ideal case, the model error and the replicate error are small and of similar size. Whether this is the case may be formally tested with an F-test in which one the two variances ratio (MS model error /MS replicate error ) is F-tested. Whence, if the alpha-level is fixed at 5%, a p-value >0.05 ensures that the model has small model error and good fitting power. The model equation is said do not present a lack of fit.
From SS residual and SS total corrected , it is possible to deduce the correlation coefficient R 2 . This parameter is the classical quantity used to evaluate the goodness of fit.
The predicted variation parameter Q 2 is deduced from SS predictive residual and SS total corrected . Q 2 estimates the predictive power of a model. ANOVA table, its two tests and other fitting parameters are resumed in Table 4 . In this one, 'Cond. No.' and 'Y-miss' represent the condition number (an orthogonality measure of the design) and the number of missing response value, respectively. (2) The second step to validate the model consists in analysing the residues distribution. The raw residual is the difference between the observed and the fitted (predicted) value. Ideally, fit residues Table 5 Comparison between values predicted (P) by the model and measured values (M) must be distributed randomly in all variable range and for all predicted responses. Therefore, it is important to estimate the residues distribution. Table 5 . The prediction values of density are in agreement with the observed values, but they are located near the lower limit of predicted range. This could be explained by an un-perfect fit. It is important to precise that conclusions are valid for pa- rameter values which are included in the defined initial range. Extrapolations out of this defined range are not statistically reliable.
Open and closed porosities responses are discussed in Appendix A because for the open porosity model, ANOVA lack of fit test reveals the presence of a lack of fit. For the closed porosity model, the overall fitting was not satisfactory.
Let's turn to the discussion part of the sintering process: Fig. 6 represents the evolution of density as a function of the isotherm temperature and heating time. The heating rate and powder size are fixed at 10 • C/min and 600 nm, respectively. It is important to precise that this graph was plotted from the model and centred around the optimal point. Absolute values for one parameter are thus not very important, contrary to their evolution with respect to others parameters.
The most important information to extract from this graph is that heating time has beneficial effect at low isotherm temperature but have drastic effect at high isotherm temperature to get high density products. Indeed, the interaction ISO × HTM is negative (β 13 < 0, Table 3 ).
To understand the density decrease when isotherm temperature is higher than an optimal temperature, the following explanation is given: it is known that there is a compromise between the grain growth and the densification mechanisms during heat treatment, especially during the final stage of sintering. If the sintering rate is too fast and/or if the isotherm temperature is too high, the grain growth mechanism is faster than the densification ones. To illustrate this phenomenon, the microstructures of three samples were studied by scanning electron microscopy and image analysis (Table 6 ). Samples were fixed in epoxy resin and then polished with silicon carbide grinding papers and diamond paste. Chemical etching was essential to reveal grains boundaries. Samples were soaked during 20 s in the etching solution (95 ml H 2 O 2 (30 vol.%), 5 ml HCl (37%), 5 drops of HF) and then washed in ethanol.
From our microscopic observations (Figs. 7-9), it is clear (Fig. 7b ) that grain growth affects the distribution of grain size. A broad range of values for grain area is reached when only temperature (Fig. 8b) and both temperature and heating time (Fig. 9b) are increased. The results are compared in Fig. 10 , leading to the conclusion that an abnormal grain growth mechanism is effective for BaZrO 3 .
Abnormal grain growth is generally associated with an increase in closed porosity explaining why a density decrease is observed in samples when the sintering temperature is higher than 1650 • C, and/or the heating time is longer than 2 h. Such behaviour is confirmed by the microstructure reported in Figs. 8-10 , where large pores are visible for samples heat-treated above 1650 • C. According to the hypothesis that atoms located at the grain boundary have a higher energy than those in the bulk (the grain boundary is characterized by a surface energy, often denoted γ gb , typically on the order of 0.2-1 J/m 2 ), the driving force for grain growth is the decrease in free energy that accompanies reduction in the total grain boundary area. 32 At high sintering temperatures, the sintered density decreases due to swelling from trapped gases in the pores. The gas-filled pores coalesce and grow due to grain growth. 33 
Conclusions
With only 27 experiments, lot of information are related by a statistical analysis. For example:
-We observe a strong dependence of isotherm temperature, an inverse relation between particle sizes and the soobtained densities. -It is easy to observe that if sintering is conducted from a relatively small particle size it is possible to achieve a good density preferentially if the heating rate is fast. Indeed, the superficial diffusion is then the predominant mechanism to give a porous material. -It is equally possible to observe that there is a so-called saturation phenomenon as a function of the maximum isotherm temperature; in other words, the model detects an optimum temperature after which the density decreases. -It is easy to predict at which temperature open porosity disappears for a given grain size powder and/or to a given heating rate and/or to a given soak-time. -It is so easy to evaluate the maximum density attainable for a given temperature or for a given particle size.
Thus, the main results from this research can be summarized as follows: a fractional design statistical analysis was conducted to optimize the sintering of barium zirconate materials. It is reported that the milling step, depending on the nature of the milling medium, can produce degradation of the material by reaction leading to a decrease in density when particle size has been reduced.
An optimized heat treatment was deduced from the linear regression model extracted. It is concluded that a 99% dense BaZrO 3 bulk material can be formed at 1650 • C during 2 h. Increasing further the isotherm temperature or the heating time leads to a decrease in density due to abnormal grain growth associated with the formation of trapped porosity.
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Appendix A. Closed and open porosities as a function of the experimental parameters selected
Values of open and closed porosities are reported as a function of density in Fig. 11 as scatter plots. It appears a difference of porosity behaviour. Actually, open porosity as well as closed porosity are characterized by two different behaviours. As seen in Fig. 11 , for a density lower than a critical value (around 85%), open porosity decreases linearly with density. For the density above this critical value, the closed porosity is inversely proportional to the density. It is possible to make this discrimination on the basis of isotherm temperature. In the range where the isotherm temperature is 1350 • C, the open porosity decreases linearly with density. As for the closed porosity, a linear decay is observed in the range 1500-1650 • C. Correlation coefficients (R) have thus been calculated and are presented in Table 7 .
These differences in porosity behaviour as a function of isotherm temperature can explain why a lack of fit is present in the initial open porosity model. Indeed, the open porosity behaviour as a function of density is strongly dependent on the isotherm temperature range. So, with a few caution, it is possible to model the porosity (open or closed) from the density model. As shown in Fig. 12 , the density and porosity present an inversely proportional relationship (correlation coefficient, R (D, OP [1350] , CP ) = −0.99934), the type of porosity depending on the considered isotherm temperature range.
Let's turn to a new way for presenting the data based on a principal components analysis. In brief, the idea is that the principal components will provide a new set of (uncorrelated) variables defined as linear combination of the original ones. One of the objective of principal components is then to reduce the dimension of the system corresponding to the Table 7  Correlation coefficient table   Isotherm original variable, and then to provide pictures in lower dimensional spaces. Geometrically, variables are thus represented in a new system of coordinates which are defined as "artificial variables". Notice that the reduction of variable number (in this case, three to two) is not synonymous of information loss. Indeed, first and second new variables explain, respectively, 79.88 and 20.12% of the total information. The use of 2D graphs is then useful to explain a phenomenon with three degrees of freedom. This technique allows reducing the variable number giving interpretable geometric representations which make easy correlations between factors and responses. Fig. 13 represents the three original variables (DOE responses) in the new system of coordinates given by the principal components analysis. Fig. 14 corresponds to clusters of individuals (DOE experiments) in the two principal components coordinates system. The legend associated at each point represents the centred and scaled DOE factors. Corresponding density value has also been indicated for remarkable points.
The main message from the two graphs is summarized as follows: the first component is mainly characterized by an opposition between open porosity (OP) and closed porosity (CP)/density (D). In terms of individuals, the points on the left are more than anything representative of low isotherm temperature (−1xxx). Points relating to moderate and high isotherm temperature, respectively, (0xxx) and (1xxx), are localised on the right part of the graph. This confirms the hypothesis of the porosity double behaviour as a function of the isotherm temperature. The second axis (second component) shows an opposition between closed porosity (CP) and density (D). With Figs. 13 and 14, it is thus also possible to deduce a relationship between the evolution of porosity type and the evolution of density.
The scatter plot analysis and the principal component analysis ensure to leave in obvious that at low density, the open porosity is dominant; an open porosity decrease is observed when the density increases. The open porosity becomes then negligible and closed porosity is then dominant. Afterwards, closed porosity linearly decreases with increasing density. Notice that the evolution of porosity type can be also illustrated with scanning electron micrographs. It is seen that the open porosity is predominantly present in the 60.5% and 82% samples (respectively Figs. 15 and 16 ). On the other hand, the porosity of the 87.5% sample is predominantly closed while residual open porosity can still be observed (Fig. 17) . Of course, the 99% sample does not present any porosity ( Fig. 18) .
